Abstract MicroRNAs (miRNAs) are a class of non-protein-coding small RNAs. Considering the conservation of many miRNA genes in diVerent plant genomes, the identiWcation of miRNAs from non-model organisms is both practicable and instrumental in addressing miRNA-guided gene regulation. Citrus is an important staple fruit tree, and publicly available expressed sequence tag (EST) database for citrus are increasing. However, until now, little has been known about miRNA in citrus. In this study, 27 known miRNAs from Arabidopsis were searched against citrus EST databases for miRNA precursors, of which 13 searched precursor sequences could form fold-back structures similar with those of Arabidopsis. The ubiquitous expression of those 13 citrus microRNAs and other 13 potential citrus miRNAs could be detected in citrus leaf, young shoot, Xower, fruit and root by northern blotting, and some of them showed diVerential expression in diVerent tissues. Based on the fact that miRNAs exhibit perfect or nearly perfect complementarity with their target sequences, a total of 41 potential targets were identiWed for 15 citrus miRNAs. The majority of the targets are transcription factors that play important roles in citrus development, including leaf, shoot, and root development. Additionally, some other target genes appear to play roles in diverse physiological processes. Four target genes have been experimentally veriWed by detection of the miRNA-mediated mRNA cleavage in Poncirus trifoliate. Overall, this study in the identiWcation and characterization of miRNAs in citrus can initiate further study on citrus miRNA regulation mechanisms, and it can help us to know more about the important roles of miRNAs in citrus.
Introduction
MicroRNAs (miRNA) are endogenous tiny RNAs (about 22 nt in length) that can play important regulatory roles in animals and plants by targeting mRNAs for cleavage or translational repression. The miRNAs play a vital regulatory function in eukaryotic gene expression by binding speciWc sequences in target genes and suppressing their expression. Plant miRNAs were Wrst identiWed in early 2002 (Llave et al. 2002a) . Searching for these molecules could be accomplished by direct cloning and bioinformatics analysis, and hundreds of miRNAs have been identiWed in Arabidopsis thaliana (Rhoades and Bartel 2004; Sunkar and Zhu 2004) , Oryza sativa (Sunkar et al. 2005) , Populus trichocarpa (Lu et al. 2005) , Malus domestica (Gleave et al. 2008) , Zea mays (Mica et al. 2006; Zhang et al. 2008) , Solanum lycopersicum (Pilcher et al. 2007; Moxon et al. 2008) , Medicago truncatula , and other plants (Zhang et al. 2005 (Zhang et al. , 2006 (Zhang et al. , 2007 Guo et al. 2007; Xie et al. 2007 ). Plant miRNAs bind to their target mRNAs and initiate mRNA degradation or mRNA translational repression with the help of an enzyme with 'slicer activity' that belongs to RISC (RNA-induced silencing complex) (Liu et al. 2004; Vaucheret et al. 2004; Baumberger and Baulcombe 2005) . There have been some reports about the translational control of quite a few miRNAs (Palatnik et al. 2003; Chen 2004; Lu et al. 2005) . In all known cases, most plant miRNAs bind to the protein-coding region of their target mRNAs with three or fewer mismatches and induce target mRNA degradation (Llave et al. 2002a; Rhoades et al. 2002) or repress mRNA translation (Chen 2004; Brodersen et al. 2008) . The miRNAs are generated from long precursors suggesting that it is possible to Wnd these precursors by searching expressed sequence tags (ESTs). The core principle is to look for the sequences containing conserved mature miRNAs and to check if these candidate sequences can fold into hairpins. Many known miRNAs are conserved in most plant species Wang et al. 2004a, b; Sunkar and Jagadeeswaran 2008) . There have been reports about the identiWcation of miRNAs by mining the repository of available ESTs (Smalheiser 2003; Zhang et al. 2005 Zhang et al. , 2006 Zhang et al. , 2008 . DiVerent computational miRNA gene-Wnding strategies have been developed based on a comparative approach, and their core principle is to look for conserved sequences between diVerent species that can fold into extended hairpins (Grad et al. 2003) . In plants, miRNAs play important roles in regulating plant growth and development, including leaf growth (Palatnik et al. 2003) , stem growth (Mallory et al. 2004) , root growth (Subramanian et al. 2009 ), Xoral organ identity and reproductive development (Chen 2004; Millar and Gubler 2005) , Xeshy fruit development , developmental transitions Aukerman and Sakai 2003; Schmid et al. 2003) , organ polarity (Juarez et al. 2004) , auxin signaling (Rhoades and Bartel 2004) , boundary formation/organ separation (Mallory et al. 2004 ), biotic and abiotic stress response (Phillips et al. 2007; Sunkar and Zhu 2007; Shukla et al. 2008; Jagadeeswaran et al. 2009 ), and species-speciWc metabolic pathways (Shukla et al. 2008) . Despite their important roles of miRNAs in plant development, their expression proWles in non-model plants are still poorly studied and there have been few reports about miRNAs in fruit crops . In the present study, we Wrst research miRNA expression and characterization in diVerent tissues of citrus for an understanding of the potential roles of the miRNAs studied.
Computational analysis based on sequence similarity has been proven to be a reliable and successful way to identify miRNA target genes, since the number of mismatches allowed between the small RNA and its target in plants is low. IdentiWed target genes of plant miRNAs have shown that in most cases, the target genes were transcription factors that were mainly related to plant developmental processes and organ morphogenesis Mallory et al. 2004; Lauter et al. 2005) . Plant miRNAs generally interact with their targets through perfect or near-perfect complementarity Subramanian et al. 2009 ). Based on these Wndings, we initiated the identiWcation of the putative targets of the miRNAs studied in citrus.
Citrus aestivum L. fruit tree is usually propagated through asexual reproduction by grafting or budding the scion of a desired variety onto a suitable rootstock. The bud scion is usually taken from the fruiting tree, and the rootstock is a seedling from seed. We used adult fruiting trees and young rootstock seedlings as the plant materials in our study. The conservation of miRNAs in plant kingdom made it possible to carry out the miRNA-related study in diVerent species of citrus. We studied the expression pattern of 27 Arabidopsis miRNAs in citrus, which had intriguing expression patterns in diVerent tissues, indicating that they have important functions and might be involved in the regulation of gene expression. Moreover, four target genes were experimentally veriWed by detection of the miRNAmediated mRNA cleavage sites in Poncirus trifoliate using RNA ligase-mediated 5Ј rapid ampliWcation of cDNA ends (RLM-RACE). Our achievement in the identiWcation and characterization of miRNAs in citrus may initiate further study of citrus miRNA regulation mechanisms, and it can help us to learn more about the important roles of miRNAs in citrus.
Materials and methods

Plant materials
The samples were collected from a 5-year-old 'Nules' tree (Citrus reticulata) and 2-year-old trifoliate orange (Poncirus trifoliata (L.) Raf.) trees that were grown in Suzhou Evergreen Fruit Tree Research Institute, China and the University of California (UC) Lindcove Research and Extension Center (LREC), CA, USA. Leaves, young shoots, roots, Xowers, and fruits (diameter 1 cm) were collected from 'Nules' trees, and roots, stems, and leaves from trifoliate orange trees which were important rootstock for the citrus scion cultivar. After collection, all the samples were immediately frozen in liquid nitrogen and stored at ¡80°C until used.
Prediction of fold-back structures and miRNA targets Due to the phylogenetic conservation of the chosen miRNA sequences in plants, their predicted precursor secondary structures can be considered as an important validation for MIR genes (Ambros et al. 2003) , which was an important parameter used to validate the stem-loops in citrus in this study. We used the set of conserved 27 miRNAs, of which miR158 and miR173 were reported as non-conserved, from Arabidopsis (Table 1 ; Rhoades and Bartel 2004; GriYthsJones et al. 2006 ) as a query set. We used citrus blast with an E-value cutoV of 1.0 for a similarity search against the citrus EST database, Version 1.20 of 'HarvEST:Citrus' which displays 89 libraries and 229,570 ESTs from Citrus and Poncirus and contains best BLASTX hits from UniProt (January 2007) the Arabidopsis genome (TAIR version 7; April 2007) and the poplar genome (JGI version 1.1). In the hairpin structures formed by miRNA precursors, all miRNAs were found in the stem region of the hairpins and had at least 75% sequence complementarity to their counterparts. All the predicted miRNAs were conserved with at least 90% sequence identity in citrus. G + C content in mature miRNAs ranged from 38 to 70%, and the loop lengths were between 20 and 75 nucleotides, which were same as the values reported elsewhere (Wang et al. 2004a, b) . The blast hits of candidate miRNA genes and their candidate targets were performed at http://138.23.191.145/ blast/index.html using the conserved miRNA sequences. Citrus miRNA fold-back secondary structures of the blast hits complementary to miRNAs (plus/plus) with 0-1 mismatches were predicted with the computer program MFOLD version 3 (Zuker 2003 ; http://www.bioinfo. rpi.edu/applications/mfold). The citrus mRNAs were predicted from the annotated contigs from the citrus EST database (Version 1.20 of HarvEST: Citrus, http://harvest. ucr.edu) with miRNA gene homology searching ( Fig. 1 ; Tables 1, 2).
Preparation of RNA and gel-blot analysis Total RNA was isolated from diVerent tissues using Trizol (Invitrogen, Life Technologies, Carlsbad, CA, USA), and low molecular weight RNA (LMW-RNA) was enriched with 4 M LiCl. Fifteen micrograms of each LMW-RNA sample was loaded per lane and resolved on a denaturing 15% polyacrylamide gel and electro-blotted onto Hybond N + membranes (Amersham, Piscataway, NJ, USA) using a TransBlot-SD apparatus (Bio-Rad, Hercules, CA, USA). Membranes were UV cross-linked at 1,200 J £ 100 in a Stratalinker 1800 Stratagene (Stratagene, La Jolla, CA, USA). Citrus miRNA oligonucleotide probes, including all the 27 miRNAs studied, were synthesized as sequences antisense to the mature miRNAs (Table 3) and were labeled at the 5Јend with -32 P-ATP using T4 polynucleotide kinase (Biolabs, Beverly, MA, USA). Membranes were prehybridized for 1 h and hybridized about 16 h using Perfect Hyb™ Plus buVer (Sigma, St Louis, MO, USA) at 38°C. Membranes were washed four times (two times with 1 £ SSC and 0.1% SDS for 20 min and two times with 0.5 £ SSC and 0.1% SDS for 50 min at 50°C). The washed membranes were air dried for a few minutes and then exposed to BIOMAX X-ray Wlm using an intensifying screen for 48 h.
Analysis of 5ЈRACE
For mapping the internal cleavage site in Unigene UC46-13966 (targeted by cis-miR160), UC46-16450 (targeted by ccl-miR167), UC46-5597 (targeted by miR393), and UC46-8268 (targeted by miR394) mRNA, RLM-RACE was performed using the GeneRacer Kit (Invitrogen). A modiWed procedure for RLM-RACE was carried out following the instruction of GeneRacer Kit (Invitrogen) as described previously (Llave et al. 2002b) . Total RNA was extracted from leaf, stem, root, Xower, and fruits of adult trifoliate orange using Trizol. Poly(A) + mRNA was puriWed from the pooled of all tissues RNA using the PolyA kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. The GeneRacer RNA Oligo adapter was directly ligated to mRNA (250 ng) without calf intestinal phosphatase and tobacco acid pyrophosphatase treatment. GeneRacer Oligod T primer was then used to synthesize Wrst strand cDNA in a reverse transcription reaction. This cDNA was subjected to an ampliWcation procedure with the GeneRacer 5ЈPrimer and the GeneRacer 3ЈPrimer to generate a pool of non-gene-speciWc 5ЈRACE product. The conditions used for this ampliWcation step were the same as those for gene-speciWc RACE recommended by the manufacturer, with the exception that an extension time of 3 min was used. Gene-speciWc 5ЈRACE reactions were performed with the GeneRacer 5ЈNested Primer and genespeciWc primers as follows:
, and Pt-F-box (UC46-8268)-1365R (5ЈTTA AGCTGTTGCCGTGAGGCATGGGT3Ј). In each case, a unique gene-speciWc DNA fragment was ampliWed. After ampliWcation, 5ЈRACE products were gel-puriWed and cloned, and at least 15 independent clones were randomly chosen and sequenced. 
Results
IdentiWcation of potential citrus miRNAs BLASTN searches revealed that 13 sequences of miR-NA156, miRNA160, miRNA164, cis-miRNA165, miR-NA166, miRNA167, miRNA168, miRNA169, miRNA171, miRNA172, miRNA319, miRNA396, miRNA398 (Table 1) have at least one match in the citrus EST database. All blasted hits were non-coding sequences without annotation determined by BlastX searches against the NCBI database.
All the blast hits were complementary to miRNAs (plus/ plus) either with 0-1 mismatches or more than four mismatches, which could be due to the high-level conservation of miRNAs between Arabidopsis and Citrus. Based on the supposition that some miRNAs in both Citrus and Arabidopsis might diVer by one base pair, we only considered and analyzed the Wrst group to keep a higher threshold. We selected valid miRNA stem-loop structures based on the three general rules and Wve parameters reported by Bonnet et al. (2004) . Thirteen of the 14 blast hits could fold into stem-loop structures (Fig. 1) . The phenomenon that the blast hit of miRNA159 could not form this kind of structure might be due to the fact that the miRNA region was located at the 5Јend of the sequence. The miRNA166 had diVerent candidate precursors in Washington Navel orange and the hybrid of Citrus paradise £ Poncirus trifoliate. Interestingly, their stem and complementary regions were the same, but the Xanking sequences were diVerent. From the stem-loop structures, only mature miRNA167 and miRNA169 in citrus were diVerent at, respectively, the nucleotide at the 3Јend (G) and 8th nucleotide from 5Ј (A) compared to those in Arabidopsis (A and C). Overall, all the stem-loops are analogous to those of Arabidopsis. In this study, such a frequency of candidate precursors matching sequences in citrus ESTs is reasonable, considering the limitation of the EST quantity, sequencing errors, conservation level between miRNAs of Arabidopsis and Citrus, and some other possibilities.
Detection and expression patterns of miRNAs
Preferential expression of a miRNA in speciWc tissues might provide clues about its physiological function. To assist with the determination of the citrus miRNA functions, we examined their expression in diVerent organs (Fig. 2) by RNA gel blot analysis on LMW-RNA samples from various tissues of 'Nules' and trifoliate orange trees. These data can also be powerful evidence supporting the existence of these miRNAs in citrus. Overall, all the 25 conserved miRNAs and non-conserved miRNA173 were present in the RNA fractions with the expected size for the synthesized miRNAs, but the non-conserved miRNA158 could not be detected in any tissue analyzed, suggesting miRNA158 is probably not present in citrus similarly to other plant species. The expression of the 13 miRNAs with perfect predicted stem-loop structures could conWrm them as the miRNAs in citrus, and they were designated as ptrmiRNA156, cis-miRNA160, cis-miRNA164, cis-miR-NA165, ptr-miRNA166, ccl-miRNA167, ccl-miRNA168, cis-miRNA169, ccl-miRNA171, cis-miRNA172, ptr-miR-NA319, ccl-miRNA396, cis-miRNA398, respectively, based on Poncirus trifoliate, Citrus clementine, and Citrus sinensis, three citrus species from which the miRNA precursor were sequenced ( Fig. 1; Table 1 ), and their sequences were determined according to the corresponding stem-loops. As to other 13 Arabidopsis miRNAs expressed in citrus could be thought as potential ones in citrus and their expression information could suggest their existence in citrus. All the blotting results could also present us some information of their roles in citrus development by their preferential expression patterns.
The expression patterns of most miRNAs in citrus appear to be tissue or developmental-stage speciWc, and all the expression patterns of these miRNAs in citrus can be categorized into several situations. The expression patterns of ptr-miR156, cis-miR165, ptr-miR166, ccl-miR171, and ptr-miR319 are similar: strong expression in leaves, stems, and roots of trifoliate orange and high expression in leaves, Xowers, young shoots, and fruits of 'Nules' (Fig. 2a, d , f, k p; Table 2 ). All these showed some minor organ speciWcity both in 'Nules' and trifoliate orange. However, the expression in trifoliate orange seemed stronger than in 'Nules'. This might be species-speciWc or be preferentially expressed during a juvenile stage. Cis-miR160, cis-miR164, and cismiR169 also displayed similar expression patterns with some diVerence of expression intensity in various organs: high expression in leaves, stems and roots of trifoliate orange and moderate expression in leaves of 'Nules', much weaker expression in other organs of 'Nules' (Fig. 2b , j, n; Table 2 ). The expression diVerence between 'Nules' and trifoliate orange seem to be species-and/ or growth stagespeciWc, which is also a very obvious phenomenon in the following group showing the similar expression. miR157, miR159, ccl-miR167, and miR173 seemed to be strongly expressed in leaves and moderately in stems and roots of trifoliate orange, with much weaker expression in all tissues of 'Nules' (Fig. 2e , g, h, t; Tables 2, 4). The miR390 was expressed in all tissues tested but at higher levels in the fruits of 'Nules' and young stems of trifoliate orange (Fig. 2w , Table 4 ). Ccl-miR168 and cis-miR172 expression were high in all tested tissues of 'Nules' and moderate in all organs of trifoliate orange ( Fig. 2l, o ; Table 2 ). Some of the miRNAs might display species-speciWc and/or developmental stage-speciWc expression patterns, and the best examples of it were observed for miR161 and miR163 ( Fig. 2c, m ; Table 4 ). miR395 and miR397 had preferential expression in leaves and stems of trifoliate orange ( Fig. 2v, x ; Table 4) in quite low intensity; miR162 had preferential expression only in trifoliate orange leaves ( Fig. 2i ; Table 4 ); miR396 had preferential expression in leaves of both trifoliate orange and 'Nules' ( Fig. 2r ; Table 2 ), even though the signals are very faint. The miR391 and cis-miR398 showed lower and ubiquitous expression in all tissues of trifoliate orange and lower expression in the leaves and fruits of 'Nules' (Fig. 2y, z ; Tables 2, 4 ). Unexpectedly and interestingly, miR393 and miR394 had two bands that appeared to diVer in length by one nucleotide in leaves, shoots, and Xowers, with the larger band only in 'Nules' fruit and trifoliate orange roots ( Fig. 2q, u ; Table 4 ). This might imply that there were two copies that are one nucleotide diVerent in length in citrus or that only the longer copy can be generated in fruit of 'Nules' and root of trifoliate orange. In summary, the RNA gel blot analysis conWrmed the expression and sizes of 13 identiWed miRNAs in citrus and other 14 miRNAs except miR158 from Arabidopsis (Fig. 2) . Some of them are expressed ubiquitously in all tissues with the characteristics of tissue-, species-, and/or growth-stage-speciWc reXected from diVerent expression levels.
Prediction of the citrus miRNA target genes
Based on the homology between miRNAs and their target genes in plants, the citrus EST database was searched for homology to the selected miRNA sequences using a BLASTN algorithm employed for the discovery of citrus miRNA targets. Most antisense hits with three or fewer mismatches appeared to be potential miRNA targets, based on the high similarity with the corresponding orthologs in Arabidopsis . All searches of targets in citrus were performed using Arabidopsis as a reference organism for function conservation, and the putative candidate targets of the citrus miRNAs and the miRNAs might existed in citrus are listed in Table 1 . We identiWed a total of 41 potential targets for 15 citrus miRNAs based on the fact that miRNAs perfectly or near-perfectly complement their target sequences. These 41 potential miRNA targets belong to a number of gene families that have diVerent biological functions. The number of predicted targets per miRNA varied much, from one to seven. Only Wve (cismiR160, ptr-miR166, ccl-miR168, miR390, and miR395) have one predicted target. All targets share high similarities, with a low E-value (Table 1) , to their orthologs in Arabidopsis. In all cases when a miRNA was complementary to more than one mRNA, most of the potential targets were members of the same gene family (Table 1) . Similar to the essential roles of miRNAs in regulating a variety of biological processes in plant reported (Chen 2005) , it appeared that our predicted targets played similar roles not only in development but also in quite diverse physiological processes (Table 1) . A majority of these targets were transcription factors that control plant development and phase change from vegetative growth to reproductive growth. Several studies indicate that miRNA156/157 targets squamosa promoter binding protein (SBP)-like (SPL) genes (Gandikota et al. 2007; Moxon et al. 2008 ), a plant-speciWc family of transcription factors involved in early Xower development and vegetative phase changes. In this study, we found that seven citrus Unigenes were near-perfect matches of ptr-miRNA156/miRNA157 (Table 1) , among which only two of them, Unigenes UC46-12489 and UC46-8859 were both simultaneously targeted by ptr-miRNA156/ miRNA157 (Table 1) . Other Wve were targeted only by ptrmiRNA156 and they might have multiple unknown functions or be of the same gene. Another experimentally conWrmed miRNA-targeted transcription factor is APETALA2 (AP2), which controls Xoral development and phase transition in Arabidopsis (Chen 2004) . In this research, seven predicted targets of miR172 in citrus were found to be members of the AP2 gene family ( Fig. 2 Expression patterns of miRNA predicted from citrus. RNA gel blots of total RNA isolated from diVerent tissues were probed with labeled oligonucleotides. Lanes 1, 2, 3, 4, 5 are samples of leaf, Xower, shoot, fruit, and the mix of these four organs of 'Nules' mandarin; 6, 7, 8, and 9 are leaf, shoot, root, and the mix of these tree organs of trifoliate orange seedling. The tRNA and 5S rRNA bands were visualized by ethidium bromide staining of polyacrylamide gels and served as loading controls UC46-7960 and UC46-7959 are all targeted by cclmiR167; and UC46-5599, UC46-5598 and UC46-5597 are those targeted by miR393 (Table 1) . Auxin response factors (ARF), a plant-speciWc family of DNA binding proteins, are involved in hormone signal transduction (Hagen and Guilfoyle 2002) . Currently, a large number of ARFs have been identiWed in A. thaliana (Okushima et al. 2005) , of these, at least Wve have complementary sites with miRNAs. In this study, we found that two homologs of Arabidopsis ARF (ARF 8 and ARF 10) have one perfect or near-perfect complementary site with cis-miRNA160 and ccl-miRNA167, respectively.
In addition to some transcription factors, we predicted target genes that directly control anthocyanidin synthesis and a copper ion synthesis pathway. We found that UC388432, targeted by cis-miRNA169, might encode anthocyanidin synthase, and six Unigenes (UC6145, UC22908, UC23129, UC13453, UC42850, and UC15664), targeted by miRNA 397, encoded copper ion oxidoreductase (Table 1) .
Interestingly, citrus unigene C46-40592, the potential target of miR399, was found to have two same complementary sites. One target site corresponding to the positions 574 to 594 is complementary to the miRNA with two mismatches and the other target site corresponding to the positions 651 to 671 is complementary to the miRNA with two mismatches, too. The two target sites are in frame and separated by a region of 55 nucleotides (Fig. 3) .
As to the situation that we were unable to predict targets for other 13 citrus miRNAs (ccl-miR168, ptr-miR319, cismiR398, miR158, miR159, miR161, miR162, miR163, miR170, miR171, miR173, miR391, and miR395) by applying these criteria, this could be mainly due to the limitation of the citrus ESTs available. Non-target predicted for miR158 in citrus could also support the opinion that this miRNA might be truly absent in citrus.
In summary, predicted citrus targets might play a vital role in a variety of growth and developmental processes. The 41 identiWed citrus targets were not only transcription factors that control plant development and phase transition, but they were also involved in anthocyanidin synthesis and a copper ion synthesis pathway. Some of the newly identiWed miRNA targets, such as UC388432, may be unique to citrus.
IdentiWcation of miRNA-guided cleavage of target mRNAs in citrus
Most of the Arabidopsis miRNAs have been shown to guide cleavage of their target genes (Llave et al. 2002b ; Jones- Rhoades and Bartel 2004; Sunkar et al. 2005) . To verify the nature of the predicted miRNA targets and to study how the miRNAs in citrus regulate their target genes, a modiWed RLM-RACE experiment was set up, as described in the Sect. 'Materials and methods'. This is one of the most common and widely used methods in the literatures (Kasschau et al. 2003; Lauter et al. 2005) to support bioinformatics data. Target mRNA fragments resulting from miRNA-guided cleavage have a 5Ј phosphate group, and cleavage usually occurs near the middle of the basepairing interaction region between the miRNA and mRNA molecules. In this study, the RLM-RACE procedure was successfully used to map the cleavage sites in four predicted target genes in citrus. Given the clear tissue-speciWc pattern of expression of cis-miR160, ccl-miR167, miR393, and miR394 in all kinds of vegetative organs of trifoliate orange (Fig. 2b , e, u, q; Table 2 ), these analyses were performed on a few of their putative targets, using RNA extracted from leaves, stems, and roots of trifoliate orange, where cis-miR160, ccl-miR167, miR393 and miR394 were all abundantly expressed. UC46-13966, UC46-16450, UC46-5597, and UC46-8268 were conWrmed as real targets of cis-miR160, ccl-miR167, miR393 and miR394, respectively, since all the 5Јends of the mRNA fragments were mapped to the nucleotide that pairs to the tenth nucleotide of each miRNA with higher frequencies than depicted for each pairing oligo (Fig. 4) . All the four predicted targets were found to have speciWc cleavage sites corresponding to the miRNA complementary sequences (Fig. 4) and might be regulated by the four mRNAs in the style of small interfering RNAs (siRNAs; Elbashir et al. 2001 ) directing the cleavage of mRNA targets with extensive complementarity to the miRNAs (Kasschau et al. 2003) . UC46-13966 and UC46-16450 are similar to Arabidopsis proteins coded by AUXIN RESPONSE FACTOR 10 (ARF10) and AUXIN RESPONSE FACTOR 8 (ARF8), a miRNA binding/transcription factor, respectively (Table 1) . Similarly, UC46-5597 and UC46-8268 both coded for a protein highly homologous to a transport inhibitor response-like protein transcription factor and an F-box family protein transcription factor, respectively (Table 1) .
Discussion
Although miRNAs have been extensively studied in the past several years, no systematic study has been performed on citrus, one of the most important fruits crops in the world. It was challenging to establish some degree of correlation between miRNAs from Citrus and Arabidopsis. Even sequences from target genes were aligned with miRNAs. Numbers indicate the fraction of cloned PCR products terminating at diVerent positions. UC46-13966 was similar to AT2G28350 (NP_180402) ARF10 (AUXIN RESPONSE FACTOR 10); UC46-16450 was similar to AT5G37020 (NP_198518) ARF8 (AUXIN RESPONSE FACTOR 8); UC46-16450 was similar to AT3G26810 (NP_566800) AFB2 (AUXIN SIGNALING F-BOX 2); UC46-8268 was similar to AT1G27340 (NP_564278) F-box family protein though many miRNA genes might have evolved by duplication and/or translocation events or have been generated ex novo from target duplication (Allen et al. 2004 ), many plant mature miRNAs are conserved among plant species. Recently, Sunkar and Jagadeeswaran (2008) identiWed several miRNAs from citrus EST by bioinformatics analysis, but citrus miRNAs still remains largely unknown and the identiWed citrus miRNAs have not been conWrmed by experiments. To elucidate the function and the regulation pathway of miRNAs in citrus, it is important to know the localization of the miRNA. Here, Northern blotting was employed to study the expression of the miRNAs in citrus.
The RNA gel blot analysis conWrmed the expression and sizes of 13 identiWed miRNAs and other 13 potential miRNAs in citrus except miR158 from Arabidopsis. The expression patterns were similar with those reported in Arabidopsis, such as the majority of them were expressed ubiquitously in all tissues, and some were expressed with the characteristics of tissue-, species-, and/or growth-stage-speciWc. The selection of putative miRNA gene transcripts with 0-1 mismatches to miRNAs of Arabidopsis was based on the hypothesis that some citrus miRNAs might be one nucleotide diVerent from the same family in Arabidopsis. Our RNA blot analysis can validate the miRNA prediction in citrus, and their preferential expression can provide important clues about where these miRNAs function. Interestingly, miRNA173, a non-conserved one reported, was strongly expressed in Poncirus trifoliate. Most sequencing data for fruit crops are ESTs, so trying miRNA identiWcation by searches against the EST database is a good start for more similar work to be carried out in other fruit crops. Our future work will be focused on the demonstration of the role of these citrus miRNAs in the control of citrus development. Secondly, to assess and deWne a putative function for a miRNA in plant, a further step of target identiWcation is necessary. Currently, the most eYcient tool available for this is the bioinformatics approach facilitated by the high degree of homology between miRNA and its target sequences in plants . Analysis of several targets has now conWrmed this prediction, making it feasible to identify plant miRNA targets (Llave et al. 2002a; Park et al. 2002; Reinhart et al. 2002) . We Wrst searched the candidate targets of the citrus miRNAs and the putative miRNAs by Blast, and conWrmed them by their alignment with their orthologs in Arabidopsis. Our analysis reveals that most of the predicted targets in citrus have a conserved function with miRNA targets in Arabidopsis and these miRNA target sequences are also highly conserved among a wide variety of plant species as reported by Floyd and Bowman (2004) . Consistent with previous reports, most of these targets in citrus were plant-speciWc transcription factors, such as AP2, NAC, SBP, and the ARF family.
Only the putative targets of miR399 in citrus have distinct functions from Arabidopsis. Our computational identiWcation of citrus miRNA targets is another strategy to predict the miRNAs, in which the identity level and the annotated function of the predicted targets with the orthologs of Arabidopsis can also be powerful reference to support the prediction of target genes. The numbers of putative targets of 15 citrus miRNAs ranged from 1 to 7, in which some targets of same miRNA might be of the same gene, and this needs to be veriWed by laboratory experiment. As to the fact that only 15 citrus miRNAs had sequences that exactly matched (in either orientation) one or more ESTs in the publicly accessible HarvEST (UC Riverside, USA), this might reXect a lack of coverage of ESTs in this database, or the fact that EST sequencing strategies favor long, stable, poly(A) + transcription and processing pathways (Smalheiser 2003; Lee et al. 2002) .
Thirdly, a growing number of plant miRNA targets predicted through bioinformatics have been experimentally conWrmed. Even though miRNAs generally function as negative regulators of gene expression by mediating the cleavage of target mRNAs (Llave et al. 2002b) or by repressing their translation (Chen 2004) , the cleavage of target mRNAs appears to be the predominant mode of gene regulation by plant miRNAs (Sunkar et al. 2005) . Finding the cleavage site supposed to be located in the sequence complementary to miRNA in target gene has been one necessary work to verify the fact of the cleavage of target mRNAs. Of the methods used to observe miRNA-dependent cleavage of targets, RLM-RACE is the most useful one (Llave et al. 2002b) . We tried performing the RACE on unigene to detect and clone the mRNA fragment corresponding precisely to the predicted product of miRNA processing. Just for a possible comparison between our results and those of others reported in rice and Arabidopsis, the targets of miR393 and miR394 together with cis-miR160 and ccl-miR167 were chosen to try this method of mapping the cleavage sites, and the results were the same as predicted in observing the location of cleavage sites. These results can also be thought as the criteria used to conWrm the putative targets. Totally, we performed the 5ЈRACE assays on four predicted target genes: the representative targets of four conserved miRNAs (Unigene C46-50592, UC46-16450, UC46-5599, UC46-8269 targeted by miR160, miR167, miR393 and miR394, respectively). Unigenes C46-50592 and UC46-16450 are both ARFs that bind to auxin in response elements in promoters of early auxin response genes (Guilfoyle and Hagen 2001) . Intriguingly, both cis-miR160 and ccl-miR167 regulate ARFs, but they have diVerent complementary sites and unrelated sequences. In A. thaliana, miR167 was found to cause transcript degradation of ARF8, but not ARF6 (Ru et al. 2006) , this was explained by the fact that the fewer base-pairs between ARF6 and miR167 may result in ineYcient cleavage of ARF6 transcripts. All four predicted targets were found to have speciWc cleavage sites corresponding to the miRNA complementary sequences (Fig. 4) , and the most common 5Ј end of the mRNA fragments mapped to the nucleotides that pair with the 10th miRNA nucleotide from the 5Ј ends. The validation was obtained by performing the modiWed 5ЈRACE protocol on mRNA extracted from pooled tissues of leaf, stem, and root, where it was previously demonstrated that cis-miR160, ccl-miR167, miR393, and miR394 are all abundant (Fig. 2b, e, u, q; Tables 2, 4) . The miRNAs may directly target transcription factors that aVect plant development and also speciWc genes that control metabolism. In our study, it appears that our predicted targets play roles not only in development, but also in diverse physiological processes.
